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Compared to onshore wind turbines, aerodynamics-induced dynamic characteristics of a floating 11 
wind turbine are more complicated due to its coupled aero-hydro-servo-elastic behaviours. The 12 
study investigates these aerodynamics-induced dynamic characteristics using an OC4 13 
semi-submersible floating wind turbine. In this research, a high-fidelity wind field and a 1/50th 14 
scale model were tested. The dynamic characteristics induced by the aerodynamic effects were 15 
investigated in detail via the experimental results, including aerodynamic damping effect, 16 
gyroscopic effect, dynamic responses of the Rotor-Nacelle-Assembly and dynamic responses of 17 
the mooring system. It was found that aerodynamic damping is active in reducing surge and pitch 18 
resonant responses and probably increases with the inflow wind speed and the rotating-blades 19 
induced induction coefficient; the gyroscopic effect intensifies the yaw motion and increases with 20 
the rotate speed of a rotor; the significant responses from Rotor-Nacelle-Assembly may occur 21 
when the natural frequencies of the tower are close to some of the aerodynamic periodic 22 
frequencies; and the mooring system is more sensitive to the wave exciting forces than to the 23 
aerodynamic loads. This study presents the complexity of the dynamic characteristics induced by 1 
the aerodynamic effects in the floating wind turbine, and in the design code, using a time-domain 2 
analysis software, which considers the coupling between the wind- and wave-induced loads and 3 
responses are suggested.  4 
 5 
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1. Introduction 10 
Since the last century, the demand for energy has increased sharply with the global population and 11 
development of industry. However, the current global energy system still excessively depends on 12 
fossil fuels, resulting in more negative impacts, such as global warming, pollution, energy price 13 
fluctuations, etc1. These problems have urged people to realize the importance of utilizing clean 14 
renewable energy and to promote the development of the related technologies.  15 
In recent decades, offshore wind power is attracting more and more attention due to its steady 16 
and strong offshore wind, lower noise, less visual pollution and fewer space limitations2. Currently, 17 
these offshore wind turbines can be divided into two categories: offshore bottom-fixed wind 18 
turbines and offshore floating wind turbines. Compared to bottom-fixed turbines, floating wind 19 
turbines are capable of exploiting the abundant wind resources of deep-water districts and are even 20 
more cost competitive for water depths in excess of 100 meter3. However, since the floating 21 
foundation is more sensitive to the aerodynamic loads from the rotating blades, dynamic 22 
properties of floating wind turbines are more complex than those of conventional bottom-fixed 1 
wind turbines. In recent years, some phenomena and problems about the floating wind turbines 2 
have been identified. First, since rotational and translational motions of floating wind turbines 3 
make the rotor traverse back over its own wake, it was found that some traditional aerodynamic 4 
theories (e.g., BEM) may be inaccurate, meaning that more advanced aerodynamic models need to 5 
be developed4–6. Second, compared to bottom-fixed wind turbines, it was found that the 6 
aerodynamic damping effect usually plays a more important role in floating wind turbines. For 7 
instance, aerodynamic damping is active in reducing wave-induced global motions7. However, the 8 
‘negative damping phenomenon’, which is caused by the conventional blade pitch control and 9 
lower natural frequencies of the tower in the floating wind turbine, may occur and contribute to a 10 
large system-pitch motion8. Third, unlike conventional offshore engineering experiments where 11 
the Froude scaling plays a dominant role, the Reynolds scaling is also of crucial importance for 12 
the floating wind turbine model tests, as the aerodynamic loads applied on the rotating blades are 13 
highly dependent on the Reynolds number. However, satisfying Froude and Reynolds scaling 14 
simultaneously in basin tests is presently impossible. Therefore, some correction methods are 15 
needed to address this issue9, and aerodynamic-effect-induced dynamic characteristics on a 16 
floating wind turbine are still significant challenges to the development of the floating wind 17 
turbine technology. 18 
Currently, the methods used to conduct research on floating wind turbines include numerical 19 
analysis tools, onsite measurements, and scaled model tests. Some researchers have developed 20 
several numerical analysis tools to emulate the coupled behaviours of the floating wind turbines, 21 
such as FAST10, HAWC211, Bladed12 and Simo-Riflex-AeroDyn13. In order to verify these 22 
simulation tools, the Offshore Code Comparison Collaboration14 (OC3) and the Offshore Code 1 
Comparison Collaboration Continuation15 (OC4) projects were set up to compare the simulation 2 
results based on the uniform floating wind turbine designs. Nevertheless, experiments are still an 3 
irreplaceable way to study floating wind turbine systems. Because most simulation tools depend 4 
on some coefficients acquired from experiments, and the reliability of the simulation result needs 5 
to be checked against experimental results. The onsite measurement from demonstration projects 6 
is one of the most reliable experimental methods. In 2009, a spar-type full-scale floating wind 7 
turbine Hywind was installed 10 km southwest of Karmøy, Norway16. In 2011, a semi-submersible 8 
floating wind turbine WindFloat was placed 5 km offshore of Portugal’s coast17. In 2013, two 9 
full-scale floating wind turbine projects were conducted in Japan18. One of them is a 2MW 10 
semi-submersible floating wind turbine and another is a 2MW hybrid spar-type floating wind 11 
turbine. From June, 2013 to November, 2014, a 1/8th scale semi-submersible floating wind turbine, 12 
called VolturnUS19, was deployed off Castine, Maine, USA. Nevertheless, most of the 13 
demonstration projects rely too heavily on industrial investment, which makes the valuable 14 
measured data unavailable to normal researchers. In light of this fact, scale model tests are another 15 
alternative way to investigate complicated coupling dynamic properties of the floating wind 16 
turbines. In addition, the scaled model tests have many advantages, including less risk, time, 17 
resources, better controls and repeatable environmental conditions. Up to now, several floating 18 
wind turbine model tests have been conducted in wave/wind basins all over the world. In 2006, a 19 
1/47th scale 5-MW spar-type floating wind turbine model test was conducted at MARINTEK 20 
(Norwegian Marine Technology Research Institute) for the Hydro Oil & Energy Company20. In 21 
2012, DeepCwind consortium21 carried out a series of 1/50th scale model tests for three different 22 
platforms, including a tension-leg platform, a spar-buoy, and a semi-submersible platform at the 1 
MARIN (Maritime Research Institute Netherlands). In 2014, Duan and Hu22,23 carried out a 1/50th 2 
scale model test at the Deepwater Offshore Basin in Shanghai Jiao Tong University, in which an 3 
OC3 spar-type and an OC4 semi-submersible floating wind turbine were adopted. In 2014, a 4 
1/50th scale STC model test (an innovative combination of a wave power generation system and 5 
spar-type floating wind turbine concept) was carried out by the Norwegian University of Science 6 
and Technology (NTNU) in the towing tank of the MARINTEK24.  7 
 In this paper, a 1/50th scale OC4 DeepCwind semi-submersible floating wind turbine23,25 8 
model test was conducted in the Deepwater Offshore Basin of Shanghai Jiao Tong University to 9 
investigate the complex aerodynamic effects on the global dynamic characteristics of the 10 
semi-submersible floating wind turbine. As for the semi-submersible floating wind turbines, it is 11 
one of the most popular floating wind turbine types currently, like WindFloat concept26–30, 12 
MiniFloat concept31, OC4 DeepCwind semi-submersible concept32 and others33. During the test, a 13 
scaled flexible tower and a practical method, known as the ‘adjusting wind speed method’ were 14 
used, and will be detailed in the subsequent sections. Blades-rotating-induced dynamic responses, 15 
including aerodynamic damping effects, gyroscopic effects, dynamic responses of the 16 
Rotor-Nacelle-Assembly structure, and dynamic characteristics of the mooring system, were also 17 
investigated in this model test. The model test mainly refers to that conducted by MARIN9, but 18 
some improvements had been implemented in our test. For example, the rotor was driven by the 19 
inflow wind not an electromotor inside the nacelle in MARIN’s tests, which agrees with the actual 20 
situation better and the adjustment of the model wind speed was relatively smaller, resulting in 21 
less undesired additional drag on the non-rotor components. Moreover, investigations in this paper 22 
contribute to greater knowledge on the complicated aerodynamic effects on the global dynamic 1 
responses of a semi-submersible floating wind turbine system. 2 
 3 
2. Preliminary calibration experiments  4 
2.1. Scaling Methodology 5 
As known, it is scarcely possible to satisfy both the Froude and Reynolds numbers simultaneously 6 
during a wind/wave basin test. In addition, the Froude scaling is the dominant scaling method in 7 
conventional offshore model tests34. Therefore, the scaling law in the paper is also based on the 8 
Froude number scaling and the geometric similitude. The geometric scaling ratio is set as:  9 
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Froude number, which is defined as a ratio of inertia forces to gravity force, should be 11 
equivalent between the full scale (the full size) and the model scale (the size of the model), as 12 
follows: 13 
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where V is the fluid velocity, L is the characteristic length, and g is the acceleration of gravity. The 16 
subscript ‘full’ denotes the full scale, and the subscript ‘model’ denotes the model scale.  17 
According to the geometric scaling ratio and the Froude scaling, three elementary parameters, 18 
namely length, mass and time are scaled by the ratios of λ, λ3 and λ1/2, respectively. More scaling 19 
parameters are derived using a dimensional analysis method, shown in Table 1. 20 
Table 1. Froude scaling of parameters 21 
Parameters Unite Scale factor 
Length m λ 
Time s  λ0.5 
Frequency 1/s or rad/s λ-0.5 
Mass kg λ3 
Force N λ3 
Moment N.m λ4 
Acceleration m/s2 1 
Velocity m/s λ0.5 
Angle ° 1 
 1 
Reynolds number is defined as a ratio of inertia forces to viscous forces for the fluid flow: 2 
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where ρ is the fluid density, V is the fluid velocity, L is a characteristic length, and μ is the 4 
dynamic viscosity coefficient.  5 
Under the Froude number scaling scheme, Reynolds number between the full scale and the 6 
model scale can be calculated as follows: 7 
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Equation (5) shows that there is a great difference in the Reynolds number between the full 9 
scale and the model scale. Flow field around the airfoil transforms from a turbulent flow to a 10 
laminar flow as the transition of Reynolds number from full scale to model scale35. The above 11 
change results in a smaller lift coefficient and a larger drag coefficient for the airfoil in the model 12 
scale9. Finally, it even leads to a smaller aerodynamic thrust force and power coefficient9. On 13 
account of this problem, the ‘adjusting wind speed method’ was used to improve the aerodynamic 14 
thrust force in the model test. 15 
 1 
2.2. Model Description  2 
A semi-submersible floating wind turbine model test was conducted in the Deepwater Offshore 3 
Basin in Shanghai Jiao Tong University, as shown in Figure 1. During the test, the depth of the 4 
basin was set to 4 m by adjusting the elevator bottom of the basin, corresponding to the water 5 
depth of 200 m at full scale. For the model, a NREL 5-MW reference wind turbine36 was mounted 6 
on an OC4 DeepCwind semi-submersible floating platform32. More relevant details on the 7 
dimensions of the OC4 DeepCwind semi-submersible floating wind turbine and the corresponding 8 
mooring system are found in Robertson et al32.  9 
 10 
Figure 1. Overall view of the model  11 
Reference coordinates for the 6-DOF motion and sensors in the model tests are sketched in 12 
Figure 2. The coordinate origin ‘o’ is located at the intersection of the tower centreline and the still 13 
water surface, and the positive X0 coordinate axis is in the opposite direction of wind, wave and 14 
current. The 1#Load Cell, installed in the joint between the tower and the nacelle, measures the 15 
shear forces and bending moments in the tower-top interface. The 2#Load Cell inside the nacelle 16 
measures the forces and moments induced by the rotor aerodynamics. An accelerometer installed 17 
at the tail of the nacelle measures the 3-DOF nacelle acceleration. The 6-DOF motion of the 1 
floating platform are measured by four active optical markers fixed near the base of the tower. 2 
 3 
Figure 2. Reference coordinates and sensors 4 
 5 
2.3. Wind Field Test  6 
It is crucial to create a high-fidelity wind field in floating wind turbine model tests and to make 7 
clear the relationship between the inflow wind speed, the rotational speed of the rotor and the 8 
power of the wind generator machine. 9 
 As shown in Figure 3(a), the wind generator system consists of nine independently 10 
controllable fans in a 3×3 frame configuration with a 3.76 m × 3.76 m wind field area, which 11 
satisfies the rotor coverage in extreme environmental conditions. Model wind speed can be 12 
changed by tuning the power frequency of the wind generator system (see Table 2, the wind 13 
generator system at higher power frequency outputs larger model wind) and the maximum wind 14 
speed can be up to 9.53m/s (67.39 m/s at full scale). In order to reduce turbulence, a honeycomb 15 
screen was used to cover the outlet of the wind generator system. Accordingly, 45 DANTEC 16 
Dynamics MiniCTA anemometers, which are positioned 3 m downstream from the wind generator 17 
system, were used to measure the wind field time series data with a 20 Hz sampling frequency, as 18 
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shown in Figure 3(b).  1 
 2 
(a)                                    (b) 3 
Figure 3. (a) Wind generator system configuration; (b) Location of the anemometers.  4 
 5 
At each anemometer, the mean wind velocity and the turbulence intensity over a minute 6 
(where the turbulence intensity is defined as the temporal standard deviation of the time histories 7 
divided by the mean wind speed of the time history at each measurement point) are plotted in 8 
Figure 4 (wherein the black circle denotes the scope of the model rotor, and the dark spot denotes 9 
position of the model hub). As can be seen in Figure 4, the chromatic aberration in the rotor zone 10 
is quite small, in other word, time-average spatial uniformity in the rotor meets is good. 11 
Nevertheless, it does not mean that the uniform distribution of the wind field is obtained for any 12 
time, especially in wind/wave tests. As a matter of fact, when in a wind/wave test, aerodynamic 13 
and hydrodynamic loads will cause 6-DOF motion of the floating platform, and give rise to large 14 
overall motions of the model blades. Finally, it’s likely to disturb the wind field around the blades 15 
and cause more or less spatial variation of the wind field. On the other hand, Figure 4 shows that 16 
the turbulence intensity within the model rotor is around 15%. The wind speed spectrum of the 17 
23th sensor (close to the hub of the wind turbine) at 6.2Hz and 8.3Hz (power frequencies of the 18 
wind generator system) are plotted in Figure 5. As can be seen, low-frequency components of the 1 
model wind field are major but high-frequency components are negligible.  2 
 3 
(a)                                  (b) 4 
 5 
(c)                                  (d) 6 
Figure 4. Quality of the model wind field: 6.2Hz: (a) mean wind speed profile and (b) turbulence 7 
intensity profile; 8.3Hz: (c) mean wind speed profile and (d) turbulence intensity profile; 8 
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Figure 5. Wind speed spectrum of the 23th sensor at 6.2Hz and 8.3Hz 10 
 11 
As mentioned previously, Reynolds number is acutely decreased at the model scale under a 12 
Froude number scaling scheme, which results in much smaller aerodynamic thrust forces and 1 
power. In view of this matter, adjusting the wind speed to match the required aerodynamic thrust 2 
force is a simple and practical revised method during the basin tests. In practice, the wind turbine 3 
was fixed 3 m downstream from the wind generator system. And then, the power (frequency) of 4 
the wind generator system was adjusted until the aerodynamic thrust force acting on the rotor was 5 
equivalent to the prototype value. For example, in a 11.4-m/s rated wind speed condition, 6 
aerodynamic thrust force on the rotor should be 770.4 kN at full scale. Thus, the power (frequency) 7 
of the wind generator system was adjusted until the aerodynamic thrust force on the model rotor is 8 
also equivalent to 770.4 kN at full scale. At this time, the actual measured wind speed in the 9 
model test is 12.8 m/s at full scale, which is slightly higher than the prototype (design) value 11.4 10 
m/s. It is noted that the blades are fixed on the hub at 0 degree pitch angle and the controller is 11 
also inactive during the test. Finally, the relationship between the rotor thrust force, wind speed 12 
and the rotational speed at full scale are presented in Table 2. 13 
Table 2. Relationship between the rotor thrust, wind speed and the rotational speed 14 
 15 
 16 
 17 
 18 
 19 
 20 
It should be noted that in the wind case W4, the rotor is parked, but in other wind cases, the 21 
rotor is in operation. During the test, the rotor was driven by the inflow wind, which is different 22 
Wind cases Both W1 W2 W3 W4 
Rotor Thrust (kN) Both  276 494.9 770.4 145 
Power frequency of 
wind generator (Hz) 
Model 6.2 7.4 8.3 10 
(parked) 
Wind  
Speed (m/s) 
Prototype 5 8 11.4 40 
Model 9.4 11.4 12.8 15.7 
Rotating  
Speed (rad/s) 
Prototype 0.790 0.976 1.267 0 
Model 0.827 1.173 1.510 0 
from the MARIN’s test35. In the MARIN’s test, rotational speed of the rotor was controlled by a 1 
predefined controller. Although the rotational speed in MARIN’s tests is closer to the prototype 2 
values (refers to the designed values), the model wind speed was increased a lot to match the 3 
desired rotor thrust force in MARIN’s tests. By contrast, in our test, the difference in the wind 4 
speed between prototype values and model values (refer to the values measured in the actual 5 
model tests) is smaller, which helps to reduce some unfavourable effects induced by the 6 
non-Froude scaling wind speed. However, rotational speed of the rotor in our test is poorer and 7 
there is a difference in the tip speed ratio between the prototype and model. 8 
 9 
2.4. Fabrication of the model tower and blades 10 
 The model blades are geometric copies of the blades of the 5MW NREL reference wind 11 
turbine (see Figure 6). The airfoil type and twist angle along a model blade are shown in Table 3 12 
and Figure 7 (where r/R is the ratio of the radial distance to the radius of the blade; 𝜃𝑃 is the twist 13 
angle of the airfoil section). According to the Froude scaling law (scaling ratio is 50:1), the length 14 
of a blade should be 1.23m and the mass should be 138g at model scale. For fabricating these light 15 
blades, a hollow structure fabricated by a woven-carbon-fiber-epoxy composite material was used 16 
in the tests, and finally the mass of a blade is 137g. It should be noted that the blades are stiff, in 17 
other word, the flexibility of blades is left out of consideration to reduce the complexity in 18 
fabrication. More details of the blades utilized in the test can be found in Ref.23. 19 
 The model tower was designed to emulate characteristics of the OC3 Hywind tower37, 20 
especially the length, the mass and the first natural bending frequency of the tower. A photograph 21 
and schematic of the model tower are shown in Figure 8. In the test, an aluminium 6061 alloy 22 
material was utilized to fabricate the tower, due to its relatively low cost, low stiffness, and higher 1 
resistence to the deterioration in wind/wave basin tests. Prior to the wind/wave tests, a hammer 2 
test was conducted to identify eigenfrequency of the model tower. The comparison of our model 3 
tower, MARIN’s model tower and an OC3 Hywind tower are listed in Table 4. More details of our 4 
model tower can be found in the Ref.23, and a similar design and fabrication of the model tower 5 
also can be found in the MARIN’s test35.  6 
 7 
Figure 6. Construction of a model blade 8 
 9 
Table 3. Airfoil type and twist angle along a model blade 10 
r/R Airfoil type 𝜃𝑃 r/R Airfoil type 𝜃𝑃 
0.024 Cylinder 13.308 0.707 NACA 64-618 3.125 
0.137 Cylinder 13.308 0.837 NACA 64-618 1.526 
0.187 DU 40 13.308 0.978 NACA 64-620 0.106 
0.252 DU 35 11.48 0.983 NACA 64-621 0.082 
0.382 DU 30 9.011 0.992 NACA 64-623 0.04 
0.447 DU 25 7.795 0.995 NACA 64-624 0.023 
0.642 DU 21 4.188 1 NACA 64-627 0 
 r/R=0
 r/R=0.00748
 r/R=0.030876
 r/R=0.067903
 r/R=0.111194
 r/R=0.161411
 r/R=0.229204
 r/R=0.296956
 r/R=0.364355
 r/R=0.431565
 r/R=0.498641
 r/R=0.565609
 r/R=0.632508
 r/R=0.699358
 r/R=0.76617
 r/R=0.832953
 r/R=0.888587
 r/R=0.933099
 r/R=0.977673
 r/R=0.982639
 r/R=0.987356
 r/R=0.991587
 r/R=0.995121
 r/R=0.997783
 r/R=0.999434
 r/R=0.999998
 11 
Figure 7. Twist angle along a model blade 12 
 13 
Table 4. Comparison of the model tower characteristics at full scale 14 
Iterm 1st natural frequency Length (m) CM (m) Mass (kg) 
OC3 Hywind tower 3.08 77.6 43.4 249,718 
SJTU’s test 2.63 77.6 51 287,128 
MARIN’s test 2.19 77.6 44.45 164,600 
 1 
 2 
(a)               (b) 3 
Figure 8. (a) Photograph of the model tower; (b) Schematic of the model tower; 4 
 5 
2.5. Free Decay Tests 6 
The purpose of the free-decay tests is to identify the natural frequencies and damping ratios for 7 
6-DOF motion of the floating wind turbine system. In this test, the model was released with an 8 
initial offset in the calm water and the wind turbine was turned off, and then the decay motion was 9 
measured to calculate the natural frequencies and damping ratios of 6-DOF motion, respectively. 10 
The test results are listed in Table 5. 11 
Table 5. Natural frequencies and damping ratio of 6-DOF motion 12 
Motion Mode Frequency (rad/s) Damping Ratio 
Surge 0.12 0.06 
Sway 0.11 0.05 
Heave 0.38 0.02 
Roll 0.26 0.03 
Pitch 0.26 0.05 
Yaw 0.14 0.03 
 1 
2.6. Test Matrix 2 
The test matrix for wind-only cases, irregular wave-only cases, and combined wind and irregular 3 
wave cases are shown in Table 6. 4 
In the test matrix, four wind-only cases, namely LC1 (5 m/s), LC2 (8 m/s), LC3 (11.4 m/s) 5 
and LC4 (40m/s, in parked) were selected. It is noted that the LC3 (11.4 m/s) corresponds to the 6 
rated wind speed condition and wind turbine is parked for LC4. The irregular wave cases here are 7 
based on the JONSWAP wave spectrum, where Hs is the significant wave height, Tp is the 8 
spectral peak wave period, and ɤ is a spectral peak parameter.  9 
Table 6. Test matrix 10 
Load Type Load Case Wind speed (m/s) 
Wave parameter 
Hs (m) Tp (s) ɤ 
wind only 
LC1 5 0 0 0 
LC2 8 0 0 0 
LC3 11.4 0 0 0 
LC4  40 0 0 0 
wave only LC5 0 2 8 3.3 
wind & 
wave 
LC6 5 2 8 3.3 
LC7 8 2 8 3.3 
LC8 11.4 2 8 3.3 
(Note: all wind and wave are in the same direction during the tests) 11 
More details on the test executions, such as the model blades fabrication, the hammer test, 12 
wind field tests, the restoring tests of mooring system and so on can be found in Duan and Hu’s 13 
work23. 14 
3. Test Results and Discussion 1 
In this section, the aerodynamic-effects-induced dynamic responses, including the aerodynamic 2 
damping effects, the gyroscopic effects, dynamic characteristics of the Rotor-Nacelle-Assembly 3 
structure, and dynamic responses of the mooring system, are investigated in detail using the 4 
experimental results from the aforementioned model tests. It is noted that all the physical 5 
quantities and experimental results shown in this chapter are at full scale, except some additional 6 
explanations. In addition, it should be noted that the model wind speed and rotational speed may 7 
be different from the prototype values. For example, for LC3 (see Table 6), the prototype wind 8 
speed is 11.4 m/s. But the model wind speed are adjusted to 12.8 m/s (see Table 2) to correct the 9 
Reynolds number dissimilarity effect between the full scale and the model scale.  10 
 11 
3.1. Aerodynamic damping effects 12 
When the rotor of the floating wind turbine is turning, the aerodynamic damping effect usually 13 
contributes to the reduction of wave-induced motions and may be more effective than 14 
hydrodynamic damping at reducing the resonant responses. In this section, a simple mathematical 15 
model of the aerodynamic damping has been derived first, and then the aerodynamic damping 16 
effect for a floating wind turbine are investigated using the model test results.  17 
The relative flow velocity and aerodynamic forces acting on a blade element are plotted in 18 
Figure 9.  19 
 1 
Figure 9. Flow velocity and aerodynamic loads on a blade element 2 
In Figure 9, 𝑣0 is the upstream wind speed, 𝑣0𝑎 is the axial induction speed, 𝑎 is the axial 3 
induction factor, ωra′ is the tangential induction speed, 𝑎′ is the tangential induction factor, ωr 4 
is the relative tangential speed induced by the rotational speed of the blades, 𝑟 is the radial 5 
distance from the centre of the hub to the blade section, 𝑣 𝑒𝑙 is the relative wind speed, and 𝜃 is 6 
the local pitch angle of a blade. 𝛼 is the local angle of attack, and 𝜙 is the angle between the 7 
plane of rotation and the relative inflow wind speed;  8 
The relative inflow wind speed 𝑣 𝑒𝑙 can be directly derived from the velocity vector triangle 9 
shown in Figure 9，yields: 10 
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where 𝜉 represents the induction coefficient term    
22
01 1 /a r a v      , which 12 
indicates that the relative wind speed is influenced by the spinning rotor. 13 
Considering the influence from the pitch and surge motion of the floating platform, and 14 
supposing that the surge and pitch motion are slight, the square of relative wind speed 𝑣 𝑒𝑙 can be 15 
approximated as follows: 16 
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 2 
Figure 10. Influences of the pitch and surge motion on the relative wind speed  3 
where Lfoil is the distance between an airfoil section and the still water surface, n1 is the 4 
displacement of surge motion, n5 is the angle of pitch motion . ẋ is the horizontal velocity of an 5 
airfoil section. 6 
The thrust force on an airfoil section can be written as:  7 
 
2
5 5 10.5 2 ( cos )T o o foilT c C v v L n n n         
                          (8) 8 
where, CT is the thrust force coefficient of an airfoil section. 9 
Thus, the total thrust force of a rotor can be regarded as a superposition of the thrust force of 10 
each airfoil section along the blades, given by: 11 
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                        (9)                            12 
where, i is the sequence of the blades and the number is three. j is the sequence of the airfoil 13 
section in a blade and the number is N. 𝛥𝑟𝑖𝑗 is length between the adjacent airfoil sections.  14 
A similar derivation for equation (9) is found in Karimirad et al7. The last term of equation (9) 15 
wind
  
  
ẋ
includes the first derivative of the surge and pitch motion, namely  ̇  and  ̇ . It indicates that 
1 
there is a relationship between the aerodynamic damping, wind speed 𝑣0, induction coefficient 𝜉 
2 
and so on. As a matter of fact, the aerodynamic damping is nonlinear and complicated in a floating 3 
wind turbine. Equation (9) can only clarify the aerodynamic damping effect qualitatively, so 4 
experimental investigations on the aerodynamic damping may be a reliable method. 5 
Surge and pitch motions of the floating wind turbine for LC5 (wave-only case), LC6 6 
(combined wind of 5 m/s and wave case) and LC8 (combined wind of 11.4 m/s and wave case) are 7 
investigated using the power spectrum density (PSD) results plotted in Figures 11 and 12, 8 
respectively. 9 
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Figure 11. Comparison of the surge PSD for LC5, LC6 and LC8 11 
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Figure 12. Comparison of the pitch PSD for LC5, LC6 and LC8 13 
From Figures 11 and 12, it is first obvious that the aerodynamic damping mainly reduces 1 
resonant responses in the low-frequency zone but has little effect in the wave-frequency zone. This 2 
phenomenon conforms well to the characteristics of the known damping effect. Second, the 3 
comparison between the parked condition (LC5) and the operating conditions (LC6 and LC8) 4 
shows that the induction coefficient induced by the rotating-blades clearly impacts the 5 
aerodynamic damping, which is consistent with equation (9). Third, Figure 11 shows that the 6 
surge resonant response tapers as the inflow wind speed increases. Therefore, there is a positive 7 
correlation between the aerodynamic damping effect and the incoming wind speed, which is also 8 
consistent with equation (9). Nevertheless, in the pitch motion, as shown in Figure 12, the pitch 9 
resonant responses for LC6 (wind speed of 5 m/s) and LC8 (wind speed of 11.4 m/s) are close to 10 
each other. In other to investigate the reason for this phenomenon, the mean pitch motion in 11 
wind-only cases are listed in Table 7. It shows that the mean pitch motion becomes larger and 12 
larger with the increasing inflow wind speed. According to equation (9), it is suspected that the 13 
cosine component 𝑐𝑜𝑠   decreases with the increasing pitch motion   , which probably 14 
weakens the aerodynamic damping effect in the pitch motion, and to some extent, offsets the 15 
aerodynamic damping contributed from the increasing wind speed. 16 
Table 7. Mean values of surge and pitch motion for wind-only cases 17 
Wind speed (m/s) 5 8 11.4 
Surge (m) -1.019 -1.757 -2.590 
Pitch (°) -1.567 -2.834 -4.192 
 18 
In order to assess the wind excitation effects and damping effects, the power spectral density 19 
(PSD) of the surge motion for wind-only cases is shown in Figure 13. By comparing Figures 11 20 
and 13, it indicates that dynamic responses of the surge motion induced by the wind excitation 21 
(see Figure 13) is much smaller than dynamic responses of the surge motion for wave-only or 1 
combined wind/wave cases (see Figure 11). In other word, the existence of the wind excitation did 2 
not give rise to the dynamic responses of the surge motion a lot in combined wind/wave cases. 3 
Conversely, resonant responses of the surge motion in combined wind/wave cases are obviously 4 
suppressed compared to those in the wave-only case.  5 
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Figure 13. Comparison of the surge PSD for LC1, LC2 and LC3 (wind-only cases) 7 
It should be noted that the model wind speed generated in LC1, LC2, and LC3 is actually 8 
larger than the prototype wind speed so as to match the prototype thrust force, which can be found 9 
in Table 2. In some references8,38, the aerodynamic damping is also defined as the ratio of the 10 
variation of aerodynamic thrust to the variation of the inflow velocity. According to the definition, 11 
the aerodynamic damping in the model tests may be larger than that in prototype, because the 12 
variation of the inflow velocity in the model tests is smaller but the variation of aerodynamic 13 
thrust force is the same (see Table 2). In spite of this, the analysis above indicates that the basic 14 
properties of the aerodynamic damping in the model tests is still reasonable, and has certain 15 
reference value. 16 
  17 
3.2. Gyroscopic responses 1 
It is found that the gyroscopic responses, which are caused by the spinning rotor combined with 2 
the pitch motion of the floating platform, affect the dynamic characteristics of a floating wind 3 
turbine system. In order to make clear the gyroscopic responses in the floating wind turbine 4 
system, a qualitative mathematical model is required. We assume that the vibration angle of the 5 
rotor induced by the floating platform motions is a slightly periodic motion and defined as 6 
follows39: 7 
0 ii t
i i e
   , 
 
(i = pitch, roll or yaw)                                         (10) 8 
where 𝜉𝑖
0 is an amplitude of the ith rotational motion and  𝑖 is a motional frequency of the ith 9 
rotational motion. According to Euler’s equation, the gyro-moment of the floating wind turbine 10 
can be approximated as follow39,40: 11 
 gyro 0 pitchi tyaw xx yy r pitch pitchM I I i e

  

                                        (11) 12 
where Ixx and Iyy are the moments of inertia of the rotor around the corresponding coordinate axes 13 
defined in Ref.39. r  
is a rotational frequency of the rotor, 𝑀𝑦𝑎𝑤
𝑔𝑦𝑜
 are rotor gyro-moments that 14 
cause the floating wind turbine system to exhibit yaw motion. It is noted that the product of the 15 
vibration amplitude terms are ignored and that the rotation speed is constant in equation (11). 16 
More relevant details on equation (11) are found in the works of Mostafa and Nematbakhsh39,40. 17 
 When a floating wind turbine system is in operation, the pitch motion is usually one of the 18 
most significant motion modes. In addition, according to equation (11), the yaw motion may be 19 
excited by the gyro-moment. And then, the yaw motion may result in an unfavourable impact on 20 
the power generation of the floating wind turbine system. As a matter of fact, the gyroscopic effect 21 
in the floating wind turbine system is complicated, because there is an interaction between the 22 
pitch motion, yaw motion and aerodynamic loads.  1 
To verify the inference of the gyroscopic responses, the power spectral density (PSD) of 2 
6-DOF motion for LC3 (wind at 11.4 m/s and rotor is spinning) and LC4 (wind at 40 m/s and rotor 3 
is parked) are presented in Figures 14 and 15, respectively. Although the wind speed for LC4 is 4 
larger than that for LC3, the 6-DOF motion responses for LC4 are much smaller than those for 5 
LC3, especially in the yaw motion. It is probable that the spinning rotor makes the 6-DOF motion 6 
more acutely, especially in the yaw motion.  7 
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Figure 14. PSD of 6-DOF motion for LC3 (spinning rotor) 9 
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Figure 15. PSD of the 6-DOF motion for LC4 (parked rotor) 11 
Equation (11) also indicates that the angular speed of the rotor    affects the gyroscopic 12 
responses. To prove this finding, the PSD plots of the yaw motion for load cases LC1, LC2 and 13 
LC3 are plotted in Figure 16. Additionally, the corresponding statistical results for the yaw motion 14 
in these three cases are summarized in Table 8. 1 
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Figure 16. PSD of the yaw motion for LC1, LC2 and LC3 3 
Figure 16 clearly shows that the significant responses are all the same as those that occur at 4 
the natural frequency of the yaw motion and the responses amplitudes rise dramatically with the 5 
rotor angular speed. In Table 8, both the range and standard deviation of the yaw motion exhibits 6 
the same tendency, which is consistent with equation (11). Thus, we can conclude that 7 
large-amplitude yaw motion might be induced when a floating wind turbine operates at the rated 8 
wind speed with a high rate of rotor angular motion. Therefore, the mooring system design is also 9 
of great importance, as the mooring system must provide adequate yaw stiffness to sustain large 10 
amplitude yaw motion, which is inevitably induced by the rotation of the blades. As for the reason 11 
why the significant yaw motion occurs at the yaw resonant frequency, it could be caused by the 12 
pitch motion or the interaction between the large overall motions and the wind field. As can be 13 
seen in Figure 14, the low-frequency responses of the pitch motion (affected by the low-frequency 14 
components of the inflow wind) are even larger than the pitch resonant response, which cover the 15 
resonant zone of the yaw motion and then likely excite the yaw resonance. 16 
Table 8. Relationship between rotor angular speed and some parameters in the yaw motion 17 
Load 
Case 
Rotor angular 
speed (rad/s) 
Yaw 
Max (°) 
Yaw 
Min (°) 
Yaw 
Range (°) 
Yaw standard 
deviation (°) 
LC1 0.827 0.162 -0.27 0.432 0.073 
LC2 1.173 0.234 -0.343 0.577 0.108 
LC3 1.51 0.587 -0.481 1.068 0.143 
 1 
As a matter of fact, more or less contribution from the aero-moment due to the spatial 2 
variation of the wind field during wind/wave tests could not be neglected absolutely. As 3 
mentioned previously, aerodynamic and hydrodynamic loads cause large overall motions of the 4 
blades during wind/wave tests, and this maybe disturb the wind field around the blades. Finally, 5 
it’s likely to cause more or less spatial variation of the wind field around the model blades. 6 
Mostafa et al.39 investigated the gyro-moment-induced yaw motion by a series of wave-only cases 7 
without any wind excitation (the rotor in their tests is driven by a motor not the wind flow). They found 8 
that the gyro-moment caused by the rotation of the floating wind turbine’s blades has a significant 9 
effect on the yaw motion. However, a 1/360 scale model was used in their tests, and the small scale 10 
model may be not accurate enough. Therefore, it’s suggest to investigate the gyro-moment-induced 11 
yaw motion of a floating wind turbine by a larger scale model in wave-only tests with a rotor driven by 12 
a servo motor in the future. 13 
 14 
3.3. Dynamic characteristics of Rotor-Nacelle-Assembly due to aerodynamic loads  15 
The Rotor-Nacelle-Assembly (RNA) (see Figure 17), including a nacelle, rotor shafts and other 16 
electromechanical devices, is important to a floating wind turbine system. Moreover, dynamic 17 
characteristics of the RNA are rather complicated, as they are sensitive to the aerodynamic loads, 18 
the motion of the floating platform, and the vibration of the tower simultaneously. To study the 19 
dynamic characteristics of the RNA due to the aerodynamic loads, the thrust forces of the rotor 20 
shaft and the RNA bending moment are investigated in this section. 21 
  1 
Figure 17. Rotor-Nacelle-Assembly and sensors 2 
Thrust force of the rotor shaft. The rotor shaft acts as an important transmission between the 3 
rotor and the generator inside the nacelle of the floating wind turbine. In this section, the thrust 4 
force of the rotor shaft in the x-axis (Fx2) is investigated, and the definition of Fx2 can be found in 5 
Figure 2. The PSD of Fx2 for LC5 (wave-only) and LC8 (combined wind of 11.4 m/s and wave) 6 
are plotted in Figure 18. 7 
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Figure 18. PSD of the Fx2 for LC5 and LC8 9 
As seen in Figure 18, for LC8, additional significant responses induced by the periodic 10 
aerodynamic loads occur at 1P, 2P and 3P frequencies of the rotating blades (1P, 2P and 3P denote 11 
the frequencies which are once, twice and three times the rotational frequency of the rotor, 12 
respectively), and may even be predominant over those induced by the wave excitation forces. 13 
These periodic aerodynamic loads may originate from some sort of rotor imbalance, more or less 1 
spatial variation of the wind field and the interference of tower-shadow effects, etc41,42. However, 2 
the response peak at the first natural frequency of the tower for LC8 (combined wind/wave case) 3 
is smaller than for LC5 (wave-only case). Thus, the vibration of the tower is restrained for the 4 
combined cases, meaning that the aerodynamic damping may contribute to reducing vibration of 5 
the tower structure.  6 
From above analysis, we know that the thrust force of the rotor shaft is sensitive to the 7 
periodic aerodynamic loads, especially at 1P and 3P. To further investigate the aerodynamic effects 8 
on the rotor shaft, the PSD of Fx2 in three different wind speed cases, including LC1 (wind speed 9 
of 5 m/s), LC2 (wind speed of 8 m/s) and LC3 (wind speed of 11.4 m/s), are compared in Figure 10 
19. 11 
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Figure 19. PSD of Fx2 for LC1, LC2 and LC3 13 
Normally, the aerodynamic thrust force for LC1 is the smallest among the three cases, as the 14 
inflow wind speed for LC1 is the smallest. However, Figure 19 shows that there is an unusually 15 
significant response around the frequency at 2.644 rad/s for LC1. Furthermore, we note that the 16 
first natural frequency of the tower (see Table 4,   𝑡𝑜𝑤𝑒  𝑠𝑡 ≈ 2.63 rad/s) is very close to the 17 
3P frequency of the rotating blades for LC1 (calculated from Table 2:  3𝑃 ≈ 2.482 rad/s). It 18 
means that the resonant response of the tower structure is likely excited under such a condition. 1 
This interesting finding indicates that the natural frequencies of the tower structure and the 2 
periodic revolving blades frequencies should be kept away from each other. Otherwise, the RNA 3 
structure may be damaged by the resonance.  4 
  5 
RNA bending moment. The tower-top interface is an important joint between the RNA 6 
structure and the tower. Additionally, the bending moment of this interface is considerable due to 7 
the complicated aerodynamic loads and the vibrations of the tower structure. The bending moment 8 
in the y axial direction (My1) is investigated in this section and the definition of My1 is shown in 9 
Figure 2. 10 
 The bending moment My1 for LC6, LC7 and LC8 is presented in Figure 20. The significant 11 
response of My1 mainly occurs at the 1P and 3P, similarly to that of the thrust force of the rotor 12 
shaft. Nevertheless, compared to the thrust force of the rotor shaft, the tower-top bending moment 13 
is more sensitive to the periodic aerodynamic loads but insensitive to the wave-excitation-induced 14 
motion. Comparing the PSD of My1 at the 1P frequency between the three cases in Figure 20, we 15 
can see that the bending moment is augmented with the increase of the incoming wind speed. It is 16 
comprehensible that the aerodynamic loads increase with augments to the incoming wind speed. 17 
Nevertheless, the response at the 3P frequency for LC6 (wind speed of 5 m/s) is singularly greater 18 
than that for LC7 (wind speed of 8 m/s) and LC8 (wind speed of 11.4 m/s). This is caused by the 19 
resonant response of the tower structure, like that happened in the thrust force of the rotor shaft 20 
shown in Figure 19. 21 
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Figure 20. PSD of the My1 for LC6, LC7 and LC8 2 
 The loads characteristic of the interface between the tower-base and the platform is another 3 
important concern. Nevertheless, the loads at this interface were not measured during the test due 4 
to instrumentation limitations. Therefore, relevant studies on the load characteristics of this 5 
interface will be investigated in the future works. 6 
 7 
3.4. Dynamic characteristics of mooring system due to aerodynamic loads 8 
A mooring system is of crucial importance for the floating wind turbine system, since it provides 9 
the basic station-keeping capability. The catenary mooring system was used in the test and the 10 
line#1 is aligned with the propagation direction of wave, wind and current during the test. The 11 
arrangement of the mooring system in the test is shown in Figure 21. 12 
 13 
Line#1
Line#3 Line#2
Wind turbine
Platform
wind wave current
x
y o
Figure 21. Construction of a catenary mooring system of the floating wind turbine 1 
 2 
 Dynamic responses of the Line#1 for LC3 (wind-only case), LC5 (wave-only case) and LC8 3 
(combined wind/wave case) is investigated, and the PSD results are plotted in Figure 22. 4 
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Figure 22. PSD of the effective tension of the Line#1 for LC3, LC5 and LC8 6 
 As shown in Figure 22, by comparing the dynamic responses of the mooring lines between 7 
with- (LC6 and LC8) and without-wave cases (LC3), the tension force of the Line#1 for the cases 8 
with waves are much larger than those for the wind-only case. This indicates that the dynamic 9 
responses of the mooring lines are primarily dominated by hydrodynamic rather than aerodynamic 10 
loads in the floating wind turbine.  11 
For the mooring system, although the influences induced by the aerodynamic loads are 12 
relatively small, the fluctuations at the surge natural frequency and 1P frequency are noticeable in 13 
Figure 22. To further investigate the mechanism of this action, the PSD of the surge motion of the 14 
floating wind turbine for LC3 (wind-only) is plotted in Figure 23. As can be seen in Figure 23, the 15 
PSD of the surge motion is similar to that of the tension force for LC3 in Figure 22. It indicates 16 
that the aerodynamic influences on the mooring system are mainly from the surge motion induced 17 
by the aerodynamic thrust force.  18 
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
0.00
0.01
0.02
0.03
0.04
0.05
0.06
Local Zoom P
S
D
 o
f 
S
u
rg
e
 m
o
ti
o
n
 (
m
)^
2
.s
/r
a
d
Circular Frequency (rad/s)
 LC3(wind-only)
surge 
resonance
1.4 1.5 1.6 1.7 1.8
0.0000
0.0001
0.0002
0.0003
0.0004
0.0005
0.0006
1P
 1 
Figure 23. PSD of the surge motion for LC3 2 
 3 
4. Conclusions 4 
This paper addresses a detailed experimental investigation of aerodynamic-effect-induced 5 
dynamic characteristics of an OC4 semi-submersible floating wind turbine. Some important 6 
conclusions from this work are summarized as follows.  7 
(1) The aerodynamic damping mainly reduces the surge and pitch resonant responses, and 8 
this damping effect increases with the relative incoming wind speed and the rotating-blades 9 
induction coefficient, and the aerodynamic damping may be influenced by the pitch angle. 10 
(2) The gyroscopic effect mainly intensifies the yaw motion of the floating wind turbine in 11 
operating conditions and there is a positive correlation between the gyroscopic effect and the rotor 12 
angular speed and the pitch motion. 13 
(3) The rotating-blades-induced aerodynamic loads on Rotor-Nacelle-Assembly result in 14 
some periodic responses, especially at the 1P and 3P frequencies. Particular attention should be 15 
paid to separating these aerodynamic periodic frequencies and the natural frequencies of the tower 16 
to avoid significant tower resonances. 17 
(4) The mooring system is more sensitive to the wave loads than the aerodynamic loads. The 18 
aerodynamic influence on the mooring system is mainly a result of the surge motion induced by 19 
the aerodynamic thrust force. 1 
As for the degree of accuracy of the model tests in this paper, most of parameters and 2 
methods in our tests refer to the MARIN’s tests35 with some improvements. Detailed comparisons 3 
between our tests and the MARIN’s tests can be found in the work of Duan and Hu22,23. In recent 4 
years, a series of verifications of the MARIN’s tests has been public43–46, and has proved that 5 
floating wind turbine model tests with geometry-similarity blades produced global performance 6 
data that properly emulated the desired full-scale responses and showed a reasonable trend of 7 
dynamic responses when moving from a no wind condition to an operating wind turbine condition, 8 
despite some differences in tip speed ratio and aerodynamic torque between the model and the 9 
prototype. 10 
 In summary, a series of investigations in this paper indicate that rotating-blades-induced 11 
aerodynamic loads play an important role in determining the dynamic characteristics of a 12 
semi-submersible floating wind turbine system. When designing a floating wind turbine system, 13 
some aerodynamic effects, such as the aerodynamic damping, gyroscopic effects, aerodynamic 14 
loads on the Rotor-Nacelle-Assembly structure, etc., should be considered in detail. 15 
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